INTRODUCTION
Aldosterone biosynthesis in adrenal zona glomerulosa cells is precisely modulated by changes in the cytosolic free Ca2l concentration ([Ca2+] ,) induced by activators such as K+ or angiotensin II (AngII), an octapeptide hormone [1] [2] [3] . Whereas K+ is believed to affect [Ca2+] , exclusively by activating voltagesensitive Ca2+ channels [4, 5] , the mode of action of AngIl is more complex. Indeed, AngIl binding to its receptor is linked to the formation of diacylglycerol, an activator of protein kinase C [6] , and of Ins(1,4,5)P3, which is responsible for Ca2+ release from intracellular stores [7, 8] . This initial phase of the Ca2+ signal in response to the hormone is followed by a sustained Ca2+-entry phase [9] , partially due to the activation of voltage-sensitive Ca2+ channels [10, 11] and partially through a pathway directly regulated by intracellular Ca2+-store depletion, also termed 'capacitative' Ca2+ entry [12, 13] .
Thapsigargin, a sesquiterpene lactone tumour promoter, has been extensively used to characterize this latter type of Ca2+ influx in non-excitable cells [14, 15] . Thapsigargin acts by blocking the microsomal Ca2+ pumps necessary for Ca2+ sequestration in intracellular pools, and therefore mimics the hormone by depleting Ca2+ stores, but without elevation of Ins(1,4,5)P3 [16] . An activation of Ca2+ entry by thapsigargin has been observed in various cell types, a finding that provided a strong support for the capacitative-Ca2+-entry hypothesis [17] . In bovine adrenal glomerulosa cells, the Angll-responsive and thapsigargin-sensitive Ca21 pools are largely coincident, but a component of the agonist-induced Ca2+ influx, probably involving voltage-activated Ca2+ channels, cannot be mimicked by thapsigargin [13] . A similar effect of thapsigargin on [Ca2+] has been described in rat glomerulosa cells [18] , in which this agent exerts a steroidogenic action. In these cells the effects of AnglI and thapsigargin on aldosterone production were additive, whereas the response to K+ was potentiated by thapsigargin.
Interestingly, in these cells, micromolar concentrations of thapsigargin markedly decreased the rise in [Ca2+] , induced by K+ [19] .
In the present study we report that, in bovine adrenal glomerulosa cells, thapsigargin, in addition to increasing [Ca2+], through a mechanism of influx activated by the depletion of intracellular Ca2+ stores, inhibits voltage-activated Ca2+ channels.
MATERIALS AND METHODS Materials
Thapsigargin was obtained from Anawa (Zurich, Switzerland). Hepes, insulin, transferrin, sodium selenite, tetrodotoxin, ATP and GTP were purchased from Sigma. Dispase (Grade II) was obtained from Boehringer Mannheim (Indianapolis, IN, U.S.A.), Percoll from Pharmacia (Piscataway, NJ, U.S.A.), and ascorbate from Merck (Darmstadt, Germany). Horse serum, fetal-calf serum (FCS) and Dulbecco's modified Eagle medium (DMEM) were from Gibco (Grand Island, NY, U.S.A.). Metyrapone was purchased from Aldrich (Milwaukee, WI, U.S.A.), and fura-2 and 1,2-bis-(2-aminophenoxy)ethane-NNN'N'-tetra-acetic acid tetracaesium salt (Cs4BAPTA) were from Molecular Probes (Eugene, OR, U.S.A.).
Isolation and culture of bovine glomerulosa cells Bovine adrenal glomerulosa cells were prepared by enzymic dispersion with Dispase and purified on a Percoll density gradient, as described in detail elsewhere [20] . Cells were then plated on small glass coverslips in antibiotics-containing DMEM supplemented with 1 mM ascorbate, 1 ,ug/ml insulin, 1 ,tg/ml transferrin, 1 ng/ml sodium selenite, 5 subsequent response to K+ was considerably decreased, but the sensitivity to K+, as assessed by successive stimulations with increasing concentrations of the cation, remained unchanged (results not shown). These observations strongly suggested that thapsigargin affected Ca2+ channels opened by K+.
Inhibitlon of voltage-activated Ca2+ channels by thapslgargin
The action of thapsigargin on voltage-activated Ca2+ channels was directly assessed by the patch-clamp technique. Inward Ba2+ currents were evoked by depolarizing the cell from a holding potential of -90 mV to + 10 mV. As described elsewhere [20, 22] , these currents developed to a maximum in less than 20 ms, and then rapidly decayed to a plateau which remained elevated for several hundred ms (Figure 3a , control trace). These biphasic kinetics are believed to reflect the activation ofboth low-threshold (transient, T-type), and high-threshold (long-lasting, L-type) channels [22] . Addition of 0.5 uM thapsigargin to the bath resulted in a marked decrease in the current elicited by depolarization (Figure 3a ). Thapsigargin affected both the peak and the plateau of the Ba2+ current, suggesting that both T-and L-type channels are sensitive to this agent. Although the effect ofthapsigargin appeared more pronounced on L-type currents (Figure 3a) , we have focused our attention on T-type currents, because these currents are activated by physiological concentrations of K+ and are believed to be responsible for activation of steroidogenesis in glomerulosa cells [5] . In order to isolate specifically the effect of thapsigargin on T-type channels, slowly deactivating tail currents were induced upon repolarization of the cell to -65 mV after a short activation period at +20 mV. These slowly deactivating currents are almost exclusively due to T-type Ca2+ channels [5] . An example of such a large tail current is presented in Figure 3(b) . The current appeared immediately upon repolarization of the cell and decayed with a time constant of about 9 ms, which is a value characteristic of Ttype currents in glomerulosa cells [5, 20] . As expected, addition of a micromolar concentration of thapsigargin clearly decreased the size of the tail current (Figure 3b) . To determine the inhibition of the current by a given concentration of the drug, the same voltage protocol as that described in Figure 3(b) was repeatedly performed every 15 s. At each pulse of voltage, the current was recorded, and the initial value of the decaying current was extrapolated after fitting the data with an exponential function. The value of the current at the moment of cell repolarization was then plotted as a function of time. An example of the time course of the effect of thapsigargin, added sequentially at increasing concentrations, is presented in Figure 3(c) . Whereas a low concentration of thapsigargin (10 nM) did not affect the tailcurrent value, higher concentrations of this agent (100 nM or 1 ,csM) rapidly and markedly decreased its magnitude. The percentage inhibition of the current at various thapsigargin concentrations was similarly determined from 18 independent cells exposed to one or several thapsigargin concentrations and is shown in Figure 3(d) . In spite of the wide dispersion of the results, which may reflect some cellular heterogeneity in the sensitivity to thapsigargin, it is possible to estimate a maximal inhibitory effect of this agent at around 1 1uM. This value, which is of the same order of magnitude as the concentration necessary Voltage-dependent activation and inactivation of T-type channels were measured, as described in [5] , before (0, EO; C) and after (0, *) treatment with thapsigargin (Thapsi; 5 #sM). (Figure 4, squares) . The results show that thapsigargin (5 ,M), although decreasing the maximal elicitable current by approx. 40% (results not shown), did not change the dependence of T-type channels on voltage. Indeed, no shift of the activation or inactivation curves of the channel could be observed after treatment with thapsigargin, as is the case, for example, with atrial natriuretic peptide [5] or nitrendipine [11] . In this regard, the mechanism of T-channel inhibition by thapsigargin is comparable with that of tetrandrine, a recently described blocker of these channels [20] , and will require further investigation to be resolved.
In conclusion, thapsigargin appears to exert a dual effect on adrenal glomerulosa cells. At nanomolar concentrations, this agent induces a sustained Ca2+ entry, presumably resulting from depletion of intracellular Ca2+ stores. At higher concentrations, thapsigargin inhibits voltage-activated Ca2+ channels, and therefore decreases the K+-induced Ca2+ response. Whether this latter effect of thapsigargin is also present in other cell types remains to be confirmed. Recently, Vercesi et al. [23] have reported that thapsigargin, at concentrations above 10 ,uM, causes collapse of the mitochondrial membrane potential in Trypanosoma brucei and in rat liver, resulting in Ca2+ release from this organelle. These results therefore highlight the need for caution in interpreting the action of high concentrations of this agent on cellular Ca2+ homoeostasis.
